† Background and Aims Suaeda aralocaspica is a C 4 summer annual halophyte without Kranz anatomy that is restricted to the deserts of central Asia. It produces two distinct types of seeds that differ in colour, shape and size. The primary aims of the present study were to compare the dormancy and germination characteristics of dimorphic seeds of S. aralocaspica and to develop a conceptual model of their dynamics. † Methods Temperatures simulating those in the natural habitat of S. aralocaspica were used to test for primary dormancy and germination behaviour of fresh brown and black seeds. The effects of cold stratification, gibberellic acid, seed coat scarification, seed coat removal and dry storage on dormancy breaking were tested in black seeds. Germination percentage and recovery responses of brown seeds, non-treated black seeds and 8-week cold-stratified black seeds to salt stress were tested. † Key Results Brown seeds were non-dormant, whereas black seeds had non-deep Type 2 physiological dormancy (PD). Germination percentage and rate of germination of brown seeds and of variously pretreated black seeds were significantly higher than those of non-pretreated black seeds. Exposure of seeds to various salinities had significant effects on germination, germination recovery and induction into secondary dormancy. A conceptual model is presented that ties these results together and puts them into an ecological context. † Conclusions The two seed morphs of S. aralocaspica exhibit distinct differences in dormancy and germination characteristics. Suaeda aralocaspica is the first cold desert halophyte for which non-deep Type 2 PD has been documented.
INTRODUCTION
Plant species have developed complex survival strategies that are evident in different stages of the life cycle, and this is particularly true for annual species (Gutterman, 2002) . Adaptation to the desert environment via special seed dispersal and germination mechanisms is often the key to survival and development of these plants (Gutterman, 1993; Baskin and Baskin, 1998) . Different species of desert plants may develop various dispersal strategies (i.e. escape or protection strategies) and germination strategies (i.e. opportunistic or cautious strategies) that are adaptations to the harsh environments (Gutterman, 1993 (Gutterman, , 2002 . The heteromorphic (or dimorphic) seeds from one plant species may represent a combination of dispersal and germination strategies, some of which are unique combinations of the two opposing strategies.
Seed heteromorphism is a phenomenon in which a single individual produces different morphophysiological types of seeds, and it is common in Asteraceae, Chenopodiaceae and Poaceae (Harper, 1977; Imbert, 2002) . Seed dimorphism can be considered as one type of seed heteromorphism. Heteromorphic seeds usually differ in colour, size and shape, as well as in dispersal, dormancy and germination (Baskin and Baskin, 1998; Wei et al., 2007) . Worldwide, more than 200 species are reported to exhibit seed heteromorphism (Imbert, 2002) .
Heteromorphic seeds generally have different germination responses that are thought to be a bet-hedging strategy advantageous in harsh and unpredictable environments (Venable, 1985; Wei et al., 2007) . Seed germination responses have been tested in many heteromorphic species, e.g. Suaeda moquinii , Suaeda salsa (Li et al., 2005) and Salicornia europaea (Philipupillai and Ungar, 1984) . However, a few questions still need to be answered about the germination biology of seeds of these species. First, no studies have confirmed seed dormancy class, level and type (sensu , although seemingly it appears that one morph is non-dormant and the second morph has physiological dormancy (Imbert, 2002) . Secondly, several authors who tested the effect of salinity on germination of heteromorphic seeds in halophytic species found that different seed types had different salt tolerance (Philipupillai and Ungar, 1984; Takeno and Yamaguchi, 1991; . Nevertheless, few studies have tested the salt tolerance of the dormant morph after dormancy release (Ungar, 1979) . For example, it is not suitable * For correspondence. E-mail zhenying@ibcas.ac.cn or dongming@ ibcas.ac.cn to use (fully) dormant or conditionally dormant seeds, rather than cold stratified (non-dormant) ones, to study the effects of salts on germination (Baskin et al., 2006) .
Only a few heteromorphic species inhabiting inland cold desert habitats have been studied (Wei et al., 2007 (Wei et al., , 2008 . In the inland, cold desert habitats of China, most of the heteromorphic species inhabit harsh environmental conditions, such as saline deserts. Seeds of a number of halophytic species from these regions (Atriplex micrantha, Suaeda aralocaspica and Salsola affinis) are heteromorphic (Commissione Redactorum Florae Xinjiangensis, 1994; Wei et al., 2007 Wei et al., , 2008 .
Suaeda aralocaspica (¼Borszczowia aralocaspica) is the only member of section Borszczowia of the genus Suaeda (Schütze et al., 2003; Kapralov et al., 2006) , and it is restricted to central Asia (Mabberley, 1997) . In China, S. aralocaspica is found only in the inland cold desert of the Junggar Basin, Xinjiang. This plant species is a monoecious annual that grows up to 20-50 cm in height, has grey-green leaves and unisexual flowers, and is commonly found in the Gobi desert, where it grows in saline -alkaline sandy soils (Commissione Redactorum Florae Xinjiangensis, 1994) (Fig. 1A, B ). It is a C 4 plant without Kranz anatomy (Voznesenskaya et al., 2001; Schütze et al., 2003; Kapralov et al., 2006) . Plants bloom in August and produce dimorphic fruits and seeds on the same plant in September (Fig. 1C -F) . Two types of S. aralocaspica utricles and seeds are recorded in the Flora of China and in the Flora Xinjiangensis. According to our observations in the field, S. aralocaspica occurs in almost pure patches or co-occurs with other species such as Salicornia europaea, Karelinia caspica, Phragmites australis and Salsola subcrassa.
Survival of annual plants under desert conditions is related mainly to mechanisms that ensure that germination occurs at the right time and in a suitable place for plant establishment (Gutterman, 1993) . For the desert annual growing in stressful and unpredictable environments, the seed germination strategy may be the most significant factor determining survival as this is the only way their populations can be maintained from one year to the next. We hypothesized that S. aralocaspica has also developed a special strategy in the seed stage that is part of its suite of adaptations to the harsh cold, salty desert habitats. Thus, the following questions were asked: what are the differences, if any, in (1) dormancy-breaking and germination requirements of the dimorphic seeds of this species, and (2) the ability of the two seed morphs to recover from salt stress. The results were used to construct a conceptual model of its germination ecology.
MATERIALS AND METHODS
Seed collection and field site description During the first 2 weeks, the fresh seeds were tested for germination behaviour or stored at 218 8C. One reason for testing seed germination immediately after harvest is that seed germination behaviour may change during storage (Baskin and Baskin, 1998; Baskin et al., 2006) . Seeds used in the dry storage experiment were collected in October, 2005 at the same field site.
The research area is an inland cold desert with typical temperate desert climate. Meteorological data based on 3 years (2004 -2006) indicated that the mean annual temperature was 6 . 4 8C, the highest summer temperature 40 . 9 8C, the lowest winter temperature 240 . 3 8C, mean temperature of the warmest month (July) 26 . 5 8C and the mean temperature of the coldest month (January) 219 . 3 8C. Annual precipitation (rain and snow) was 134 . 3 mm, annual potential evaporation 1965 mm and frost-free period 175 days. Mean monthly precipitation and mean monthly maximum and minimum temperatures at the Fukang Field Research Station during 2004 -2006 are shown in Fig. 2 .
Soil conductivity
Salinities of soil samples collected from ten randomly chosen areas within the study population of S. aralocaspica in October, 2007 were analysed by the residue drying quality measure (Bao, 2000) . Mean total soil salinities in the 0 -5-, 5 -10-and 10-30-cm soil layers were 5 . 64 + 0 . 21 NaCl), respectively. However, the maximum soil salinity in 0 -1-cm soil layer can reach as high as 22 . 38 % (3829 . 57 mmol L 21 NaCl). Only NaCl was chosen to study the effect of salt on seed germination because it is the major component of salinity in some regions of the Junggar Basin of Xinjiang (Qian et al., 2003) . In addition, the results of our germination experiments can be compared directly with most similar studies reported in the literature, which also have used NaCl to test the effect of salinity on seed germination.
Seed morphology and mass
Thirty individual plants were chosen randomly in the natural habitat of S. aralocaspica, and type and number of seeds on a total of 90 branches were determined.
Length, width and height of 20 of each of the two seed types (morphs) were measured, and five groups of 1000 seeds were weighed using an electronic analytical balance (Sartorius BP 221 S, Sartorius, Germany) for each seed type to determine average seed size and mass.
Imbibition tests
An imbibition test was conducted at room temperature (21 -25 8C, 45 % relative humidity) using four replicates of 25 dry seeds of each morph. The dry mass of each group of 25 seeds was determined (time 0), and the seeds were then placed on moist (distilled water) Whatman No. 1 filter paper in 5-cm-diameter Petri dishes. After 1 h, the seeds were removed from the dishes, blotted dry with filter paper, reweighed and returned to the Petri dishes. Seed mass was measured again after 3, 6, 9, 12 and 22 h of water absorption. The imbibition test of brown seeds was terminated after 9 h because the seeds had begun to germinate. Relative increase in fresh weight (W r ) of seeds was calculated as
, where W i is the initial seed weight and W f the weight after a certain time . The tests were repeated four times, and the standard error was calculated.
Effect of light and temperature on germination of the two seed morphs
To investigate the germination behaviour of fresh seeds, four replicates of 25 fresh seeds of each morph were incubated on two layers of Whatman No.1 filter paper moistened with 2 . 5 mL of distilled water in 5-cm-diameter plastic Petri dishes. Petri dishes were sealed with parafilm and incubated at daily (12/12-h) The rate of germination in light was estimated using a modified Timson's index of germination velocity: germination index ¼ SG/t, where G is seed germination percentage at 2-d intervals and t the total germination period (Khan and Ungar, 1997) . According to this equation, the highest value obtained is 50 (i.e. 1000/20), and a higher value indicates more rapid germination.
Breaking dormancy of black seeds
Germination of fresh black seeds of S. aralocaspica in light or dark in all temperature regimes was less than 40 %, indicating a proportion of black seeds are dormant. Therefore, effects of cold stratification, seed coat scarification, seed coat removal, gibberellic acid (GA 3 ) and dry storage on dormancy-break were tested to explore the kind of dormancy in black seeds.
Cold stratification. Washed quartz sand moistened with distilled water (sand moisture content 11-13 %) was placed beneath two layers of filter paper in 10-cm-deep Â 20-cm-diameter metal boxes. Fresh (2 weeks after collection) black seeds were placed on the filter paper, and the metal boxes were closed and placed in a refrigerator in the dark for 2, 4, 6 or 8 weeks at constant 5 8C.
After treatments, black seeds were transferred under green light to Petri dishes. Germination conditions were the same as those described in the experiment on the effects of light and temperature on germination of the two seed morphs. Black seeds collected at the same time that had not been stratified were used as control.
Testa treatments. This experiment aimed to determine if the testa mechanically restricts embryo growth and thus if the embryo lacks sufficient growth potential to break through it. The seed coats of four replications of 25 seeds were carefully scarified with a scalpel on the lenticular side. Testae of another four replications of 25 seeds were removed manually. Treated seeds and intact seeds (control) were incubated at a daily temperature regime of 10 : 25 8C in light for 20 d. Seeds were checked every 2 d for emergence of the radicle during this 20-d period.
Dry storage. After-ripening is one of the characteristics of seeds with non-deep physiological dormancy (PD). Thus, this experiment aimed to determine if seeds come out of dormancy (after-ripen) during dry storage. Black seeds were stored for 1 year in a closed cotton bag at room temperature (16 -26 8C, 30-50 % relative humidity). After dry storage, four replications of 25 seeds were incubated in distilled water at a daily temperature regime of 10 : 25 8C in light for 20 d. Four replications of 25 fresh (2-week-old) black seeds collected at the same time were incubated as controls. Seeds were checked every 2 d for emergence of the radicle during this 20-d period.
GA 3 treatments. GA 3 is a plant growth regulator that can break dormancy in seeds with non-deep PD. To test the effects of GA 3 on dormancy breaking, four replicates of 25 black seeds were incubated in 0 (distilled water A daily temperature regime of 10 : 25 8C was chosen for testa, GA 3 and dry storage experiments because from a previous experiment this was found to be optimal for germination of fresh black seeds in both light and dark (see Fig. 4 ). In addition, 10 : 25 8C represents the natural minimum and maximum temperature regime in May, when most seeds germinate in the natural habitat.
Effect of salinity on germination and recovery of germination
The effects of 0 (distilled water control), 200, 400, 600, 800, 1000, 1400, 2000 and 4000 mmol L 21 NaCl on germination of seeds (brown seeds, black seeds and black seeds after 8-week cold stratification) were tested at a daily temperature regime of 10 : 25 8C in light. Four replicates of 25 seeds in 5-cm-diameter plastic Petri dish were exposed to each treatment. Seed germination percentages were calculated after incubation for 20 d. Ungerminated seeds from 20-d NaCl pre-treatments were rinsed three times with distilled water and then incubated for 10 d in Petri dishes that contained 2 . 5 mL distilled water. Recovery percentage was calculated by the following formula:
, where a is the total number of seeds that germinated in salt solution plus those that recovered to germinate in distilled water after the ungerminated seeds kept in NaCl solutions for 20 d were transferred to distilled water for 10 d, b is the number of seeds germinated in salt solution and c is the total number of seeds tested (Gul and Weber, 1999) . Final germination was recorded as (a/c) Â 100. Seed viability was expressed as [(a þ d )/ c] Â 100, where d is the number of embryos that stained pink in the TTC solution following the seed germination test. Viability of seeds that did not germinate in the experiments was tested by the TTC method (embryos are placed in a 1 % solution of 2,3,5-triphenyl-2H-tetrazolium chloride) (Baskin and Baskin, 1998) .
Data analysis
All data were expressed as mean + s.e. Proportions were arcsine transformed before statistical analysis to ensure homogeneity of variance (non-transformed data appear in all figures). These data were analysed using SPSS Version 12 . 0 for Windows (SPSS Inc., 2003) . General linear model (GLM) analysis of variance (ANOVA) was used to compare treatment effects. One-way ANOVA tested for differences among testa, GA 3 and dry storage treatments. Two-way ANOVA was used to test the significance of main effects (seed type and salinity) and their interaction on germination in the 'effect of salinity on germination and recovery of germination' experiment. Three-way ANOVA was used to test the significance of main effects (seed type, temperature, light condition) and their interaction on germination in the 'effect of light and temperature on germination of the two seed morphs' experiment, and to test the significance of main effects (cold stratification, light condition, temperature) and their interaction on germination in the 'cold stratification' experiment. Tukey's HSD test and paired two-tailed tests were performed for multiple comparisons to determine significant (P , 0 . 05) differences between individual treatments (Sokal & Rohlf, 1995) .
RESULTS

Seed morphology and mass
There were 2320 brown and 964 black seeds from a total of 90 branches of 30 individual plants, a ratio of 2 . 41 : 1; most commonly, the ratio is 2 : 1 (Fig. 1C, D) . Numerous male and female flowers were usually mixed in glomerules, which frequently produced only three seeds. The two brown seeds usually were located at the two lateral sides of the glomerules and the black seeds in the middle (Fig. 1C, D) . Seed dispersal was observed in the natural habitat of S. aralocaspica. The two types of seeds matured nearly at the same time in autumn. Brown seeds were dispersed long distances by wind. However, black seeds were not easily dispersed by wind because their utricles were small, and some of them stuck to the branches tightly (Fig. 1C) .
Field observations show that S. aralocaspica produces two types of utricles: large, 6 -10 mm in diameter, obovate, pericarp fleshly and endocarp membranous; and small, about 3 mm in diameter and pyriform (Fig. 1C) . Each of the two types of utricles produces a distinct type of seed (Fig. 1E) . The oblate brown seed has a soft seed coat and the elliptical black seed has a rigid seed coat. The brown and black morphs also differ in length, width, height and weight (Table 1) . For both seed types, the embryo is fully developed and planospiral (Fig. 1F) .
Imbibition tests
The dimorphic seeds had different water uptake characteristics. Brown seeds imbibed water readily and followed a typical pattern of rapid initial water uptake, with seed mass increasing by 42 . 9 + 3 . 3 % after 1 h, 78 . 6 + 5 . 0 % after 3 h and 130 . 9 + 7 . 8 % after 9 h (Fig. 3) . By contrast, black seeds imbibed water slowly, with seed mass increasing by 27 . 6 + 1 . 3 % after 1 h, 41 . 2 + 1 . 1 % after 3 h and only 78 . 2 + 3 . 0 % after 22 h (Fig. 3) .
Effect of light and temperature on germination of the two non-treated morphs A three-way ANOVA showed that germination was significantly affected by seed type (P , 0 . 001), temperature (P , 0 . 001), their interaction (P 0 . 001) and the interaction between seed type and light condition (P 0 . 02) ( Table 2 ). No significant difference (P ¼ 0 . 771) was observed in germination percentage between incubation in light and incubation in dark within a seed type of S. aralocaspica at any temperature regime ( Fig. 4 ; Table 2 ). Germination percentages of brown seeds in all treatments were .87 % in all temperature regimes in light except 5 : 15 8C, whereas those of non-treated black seeds were ,39 % (Fig. 4) .
During 20 d of incubation, cumulative germination percentage and germination velocity of brown seeds were significantly higher than those of non-treated black seeds at the same temperature regime (Figs 5 and 6 ). For example, cumulative germination of brown seeds was 23 + 3 % at 5 : 15 8C, whereas only 2 + 1 % germination was recorded for black seeds at the same thermoperiod. Germination percentage of brown seeds reached 93 + 3 % at the highest thermoperiod (20 : 35 8C), but the germination of black seeds was only 31 + 4 % at this regime. At 5 : 15 8C and 20 : 35 8C, the germination index of brown seeds was 7 . 4 + 2 . 5 and 34 . 0 + 1 . 6, respectively, whereas for black seeds it was only 0 . 3 + 0 . 2 and 7 . 8 + 1 . 0, respectively (Fig. 6 ).
Breaking dormancy of black seeds
Cold stratification. A three-way ANOVA showed that germination of black seeds was significantly affected by length of cold stratification period (P , 0 . 001), light condition (P 0 . 004), temperature (P , 0 . 001) and the interaction between the length of cold stratification period and temperature (P , 0 . 001; Table 3 ). Germination of black seeds was significantly increased by cold stratification (Figs 4 and 5; Table 4 ). As stratification time increased from 0 to 8 weeks, there was a decrease in the minimum temperature at which a moderate or high percentage of the seeds could germinate (Table 4) . Thus, germination of seeds at 5 : 15 8C increased from about 2 % in 0-week-stratified (control) seeds to .70 % in 8-week-stratified seeds in light and from 1 to .80 % in darkness. The rate of germination also increased with cold stratification with an increase in the germination index of black seeds at 5 : 15 8C from 0 . 25 + 0 . 19 in 0-week-stratified (control) seeds to 24 . 2 + 2 . 2 in 8-weekstratified seeds (Fig. 6) . Eight weeks of cold stratification Table 4 ].
Testa treatments. Scarification and testa removal significantly increased final germination percentage from 30 + 7 to 80 + 4 % (P ¼ 0 . 001) and 90 + 5 % (P , 0 . 001), respectively. Germination index was also significantly increased from 5 . 2 + 1 . 6 to 30 . 6 + 1 . 7 (P , 0 . 001) and 40 . 8 + 2 . 5 (P , 0 . 001), respectively. GA 3 treatments. After 20 d of incubation, germination percentage of black seeds at 0 (control), 0 . 1, 1 and 10 mmol L 21 GA 3 was 18 + 4, 24 + 2, 21 + 1 and 54 + 8 %, respectively. GA 3 treatment at 10 mmol L 21 significantly increased (P ¼ 0 . 006) germination percentage of black seeds, but 0 . 1 and 1 mmol L 21 GA 3 had no effect (P ¼ 0 . 228 and P ¼ 0 . 510, respectively) on germination.
Dry storage. One-year of dry storage at room temperature significantly increased (P ¼ 0 . 004) germination percentage of black seeds, from 29 + 3 to 57 + 5 %. Germination of non-treated brown, non-treated black and 8-week cold-stratified black seeds was significantly affected by salinity (P , 0 . 001). Brown seeds germinated to ! 10 % at 0 -1400 mmol L
21
, while the untreated black seeds germinated to ! 8 % only at 0 -200 mmol L 21 NaCl. Furthermore, brown seeds germinated to higher percentages than non-treated black seeds. For example, germination percentages of brown seeds at 200 mmol L 21 NaCl was 80 + 5 %, whereas that of non-treated black seeds was only 9 + 3 % ( Table 5 ). As salinity increased from 0 to 600 mmol L 21 NaCl, both the germination (%) and germination velocity of brown seeds decreased, and no seeds germinated in a solution of greater than 1400 mmol L 21 NaCl ( Fig. 7A ; Table 5 ). For non-treated black seeds, the highest germination (24 + 5 %) occurred in distilled water, and no seeds germinated in a solution of greater than 800 mmol L 21 NaCl ( Fig. 7B ; Table 5 ). At a given salt concentration, 8-week cold-stratified black seeds germinated to higher percentages, and over a wider range of salt solutions, than non-stratified black seeds ( Fig. 7C ; Table 5 ). After they were transferred from NaCl to distilled water, ungerminated brown and black seeds had the ability to recover. As the pretreatment salinity increased, the germination recovery percentage of brown seeds and of 8-week cold-stratified black seeds increased, and for all NaCl concentrations the recovery germinations were significantly higher than that of the control (P , 0 . 01). However, the highest recovery germination percentages of non-stratified black seeds were for seeds exposed to distilled water (Table 5 ).
Final germination percentages of brown seeds, nonstratified black seeds and 8-week cold-stratified black seeds were higher in distilled water than at any NaCl concentration (Table 5) . However, seed viability was not affected by salt concentration, even for seeds pretreated with 4000 mmol L 21 NaCl (Table 5) . Compared with brown seeds and 8-week cold-stratified black seeds, more non-treated black seeds remained ungerminated after incubation in various salt concentrations and in distilled water. In addition, the higher the pretreatment salinity, the higher the percentage of seeds that did not germinate, even after the recovery process (Table 5 ).
DISCUSSION
The evolution of mechanisms that increase survival and fitness of species in unpredictable and stressful environments has led to the development of a number of morphological and physiological adaptations in seeds that affect their dormancy and their dispersal distance (Harper et al., 1970) . Suaeda aralocaspica is an inland cold desert annual halophyte that produces two distinct types of seeds (no intermediate types) that differ in morphology, dormancy and germination. The present study has demonstrated that both morphological and physiological polymorphism exist in seeds of this species. These differences presumably represent the combination of different complementary adaptive strategies in one plant and have ecological significance for its successful survival in inland cold salt deserts.
Fresh brown seeds of S. aralocaspica are highly permeable to water, have a fully developed embryo and are non-dormant. Thus, they can germinate rapidly to high percentages in water over a wide range of alternating temperature regimes in light and in dark. However, although fresh black seeds of S. aralocaspica are water-permeable, the amount and rate of water absorption by them is lower than it is in brown seeds. Furthermore, black seeds germinated slowly and to low percentages in all incubation conditions. Fresh black seeds exhibit non-deep PD (sensu ) that can be broken by a few weeks of cold stratification. Furthermore, promotion of germination by GA 3 , after-ripening in dry storage and disruption or removal of the testa also indicates that these seeds have non-deep PD. These results suggest that growth potential of the embryo in a high percentage of fresh intact dormant seeds is too low to overcome the mechanical resistance of the seed coat. Thus, GA 3 , dry storage and cold stratification treatments increase the growth potential of the embryo to the point at which resistance of the seed coat is overcome, and thus the seed germinates (radicle protrusion). On the other hand, damaging or removing the seed coat in fresh back seeds lowers (or removes) the mechanical resistance to embryo growth to the point at which the radicle can elongate, even though the embryo is at a relatively low growth potential, and thus the seed germinates.
Five types of non-deep PD are recognized by , based on the patterns of change in physiological responses to temperature during dormancy breaking. Germination tests of black seeds of S. aralocaspica after various periods of cold stratification indicated that during dormancy break (dormancy ! non-dormancy) the minimum temperature at which seeds could germinate to a moderate to high percentage decreased. Thus, it is concluded that black seeds of S. aralocaspica have Type 2 non-deep PD, the type expected for a summer annual such as S. aralocaspica . Until now, salinity has not been included as a 'physiological correlate' (see table 4 . 3 in Baskin and Baskin, 1998) in the dormancy continuum as seeds cycle between dormancy and non-dormancy. However, the present study shows that the range of NaCl concentrations at which seeds of a halophyte can germinate increases during dormancy break by cold stratification. Thus, sensitivity to salinity should be added to the list of physiological correlates of the dormancy continuum. The evolution of different seed types in halophytic species, which may vary in their level of dormancy, can extend the germination period and also produce a persistent seed bank that provides for the long-term recruitment of seedlings (Ungar 1987 (Ungar , 1991 . Fresh brown seeds of S. aralocaspica are non-dormant. They can germinate quickly in a relatively wide range of environmental conditions and therefore would be expected to have an 'opportunistic' germination strategy (Gutterman, 1993) . By contrast, fresh black seeds are in non-deep PD and would be expected to have a 'cautious' germination strategy, in which not all of the seeds germinate at one time (Gutterman, 1993) .
A few studies have shown that dimorphic or polymorphic seeds are non-dormant or have PD. Large seeds of Atriplex prostrata and Salicornia europaea, two inland salt marsh plants, were non-dormant, and thus they germinated to .90 %. However, the small seeds had primary dormancy, a light requirement for germination and appeared to exhibit dormancy cycling (Carter and Ungar, 2003) . Salsola affinis, an inland salt desert annual, produces three types of seeds. Type A and Type B seeds are nondormant, whereas Type C seeds need a 4-week cold stratification period to break PD (Wei et al., 2007) . The germination percentage of brown seeds of Arthrocnemum indicum was .80 % in distilled water at thermoperiods of 10 : 20 8C . Ninety-five per cent of the brown seeds of Halopyrum mucronatum germinated in the non-saline controls at all temperature regimes tested (Khan and Ungar, 2001 ). Small and/or black seeds of other species, for example Hedypnois cretica, Crepis aspera and S. salsa, also had non-deep PD (EI-Keblawy, 2003; Li et al., 2005) . By contrast, small and/or black seeds of Arthrocnemum indicum, Salsola komarovii, Suaeda moquinii and Halopyrum mucronatum are nondormant (Takeno and Yamaguchi, 1991; Khan and Ungar, 2001) .
A light requirement for germination is frequently associated with small seeds, which are considered to contain rather small amounts of reserve materials. In this case, it might be advantageous for them to germinate under conditions where photosynthesis occurs very soon after germination (Mayer and Poljakoff-Mayer, 1989 ). The present results showed there was no difference between germination in light and dark in brown (large) and black (small) seeds of S. aralocaspica. Thus, this species may not be expected to form a persistent seed bank. However, even 8 weeks of cold stratification did not break dormancy in all of the black seeds, and salinity may induce secondary dormancy in both brown and black seeds. Thus, it seems that based on differences among seeds in this aspect of their requirements for dormancy break, the species does have the potential to form a seed bank.
Temperature is an important factor regulating germination of dimorphic seeds of S. aralocaspica. As temperature increased from 5 : 15 to 20 : 35 8C, germination percentage and germination velocity of fresh brown seeds increased, which means that temperature is not a limiting factor for germination from early spring until late autumn. Thus, germination of brown seeds mainly depends on moisture conditions in the field. However, germination of fresh black seeds was prevented by physiological dormancy. In the natural habitat, seeds mature in autumn, and they need 6 -8 weeks of moist stratification in the cold early spring to break non-deep PD. In early spring, temperatures rise to about 5 -10 8C, and the soil is wet due to melting snow and ice. This cold stratification effect of breaking dormancy has also been reported for many other plants inhabiting semi-deserts and deserts with cold winters (Huang et al., 2004a, b; Wei et al., 2007; Qu et al., 2008a) . In such deserts, temperatures can be as low as 220 8C in winter, and the soil is frozen. If the time for moist stratification (about 0 -10 8C) in spring is not long enough, some of the seeds may remain dormant and enter the soil seed bank.
Data from this investigation with S. aralocaspica indicated differences in the responses of brown and black seeds to salinity. Compared with fresh black seeds, brown seeds are much more salt-tolerant: they can germinate to high percentages in NaCl solutions and in relatively higher soil salt concentrations. Thus, 10 % of fresh brown seeds can germinate in 1400 mmol L 21 whereas ,10 % of black seeds can germinate at 200 mmol L 21 NaCl (Table 5) . Differences in germination of dimorphic seeds vary among halophytes. Germination of small seeds of Salicornia europaea was reduced from 52 % in distilled water to 1 % in a 3 % NaCl solution, and germination of large seeds was reduced from 94 % in distilled water to 35 % in a 3 % NaCl solution (Ungar, 1979) . also found that brown seeds of S. moquinii germinated to 30 % in 1000 mmol L 21 NaCl, whereas only 8 % of black seeds did so in 600 mmol L 21 NaCl. Similar salinity tolerances for dimorphic seeds were reported for Atriplex triangularis (Khan and Ungar, 1984) , Arthrocnemum indicum and S. salsa (Li et al., 2005) . No significant difference was observed in germination percentage between the two seed types of Salsola komarovii except at 500 mmol L 21 NaCl, where only the long-winged type germinated (Takeno and Yamaguchi, 1991) .
Few previous studies have focused on the dynamic changes in germination response to salinity when dormancy conditions of halophyte seeds were altered. The present study showed that when non-deep PD was broken by 8 weeks of cold stratification, germination percentages and germination velocity of black S. aralocaspica seeds in distilled water and in saline solutions were significantly higher than those that had not been stratified. Furthermore, cold-stratified seeds germinated in higher soil salt concentrations (1000 mmol L 21 NaCl) than nonstratified seeds (800 mmol L 21 NaCl). Thus, cold stratification causes an increase in growth potential of the embryo, and as a result the radicle can break through the seed coat, i.e. seeds germinate.
As for other halophytes, when ungerminated S. aralocaspica seeds are transferred to distilled water, a percentage of them have the ability to recover to germinate. About 51 -86 % of the ungerminated brown seeds recovered, whereas only 1 -19 % of the ungerminated black seeds did so. However, germination recovery of coldstratified black seeds reached 28-65 %. Thus, germination recovery of ungerminated brown seeds, non-stratified black seeds and cold-stratified black seeds was not complete, and it decreased with an increase in pretreatment concentration of NaCl solutions. Higher pretreatment concentrations of NaCl solutions appeared to prevent the recovery of germination. After recovery of germination, the TTC test demonstrated that most ungerminated seeds were still viable. This means that secondary dormancy was induced by salt pretreatment of the seeds. The higher the pretreatment salt concentration, the higher the percentage of seeds induced into dormancy. By contrast, the recovery of germination of black seeds of S. moquinii after they were transferred to distilled water following various salinity treatments for 20 d was nearly complete (82-100 %) at 5 : 15 8C . In the present study, 59-97 % of the brown seeds recovered. Like other halophytes in inland cold salt deserts (Qu et al., 2008a, b; Wei et al., 2008) , S. aralocaspica seeds have the capacity to remain viable after exposure to hypersaline conditions. Thus, seeds induced into secondary dormancy would be expected to remain in the soil seed bank.
A model summarizing the dynamics of seed dormancy, germination and potential to form a seed bank for dimorphic seeds of S. aralocaspica is shown in Fig. 8 . The dimorphic seeds are matured and dispersed in October. Fresh black seeds are in non-deep PD, and they need the spring temperatures to break dormancy [0 : 10 8C (March); 5 : 15 8C (April)]. It is too cold and dry in winter to satisfy the dormancy-breaking (cold stratification) requirement. After a short period of low temperatures (2 -8 weeks), a proportion of the black seeds become conditionally dormant or non-dormant and germinate. However, a further proportion of the seeds need more than 8 weeks of cold to break dormancy, and they may remain in the soil until at least the next spring before they can germinate. Furthermore, some conditionally dormant or non-dormant black seeds that do not germinate in spring may enter secondary dormancy during the growing season via salt stress. The fresh brown seeds are nondormant, and they can germinate in a wide range of temperatures.
Salinity may induce brown and non-dormant black seeds into conditional dormancy. For a percentage of these conditionally dormant seeds, which are quiescent due to high salt concentration, water from rain or snowmelt may dilute soil salinity and allow them to germinate. However, if salinity stress is not reduced in the germination season, the seeds would enter secondary dormancy and perhaps the seed soil bank. We presume that the secondarily dormant brown and black seeds need to be cold stratified the next spring to come out of dormancy. Further studies are needed to verify (or not) the presence of a persistent seed soil bank in S. aralocaspica. Thompson (1981) suggested that both seed bank and seed polymorphism maintain the adaptation of the population to the average long-term conditions in its habitat, and this seems to be the case for S. aralocaspica. The present study clearly suggests an ecological significance of the dimorphic seeds in this species. The dimorphic seeds have different dispersal strategies: brown seeds have the ability to be dispersed further away from the mother plant than do black seeds (our personal observations). In this case, brown seeds may 'explore' new habitats and black seeds germinate in situ, near the mother plant. Furthermore, fresh brown seeds are non-dormant, and fresh black seeds are dormant. Finally, germination of nondormant seeds of the two types have different optimum thermoperiods and different salinity tolerance limits. It is likely that as a strategy for sexual reproduction, seed dimorphism allows S. aralocaspica to gain competitive advantages in highly unstable environments and reduces the effect of spatial and temporal changes of surroundings on the success of its reproduction, thus permitting this species successfully to inhabit the harsh desert habitats.
